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INTRODUCTION
The development of the aortic isthmus, that region of the arch
of the aorta between the left subclavian artery and the attachment
of the ligamentum arteriosum, has received little attention. While
the developmental history of the ductus arteriosus and foramen
ovale has been well documented, as have the cardiac malformations
associated with failure to complete this developmental sequence,
little work has been done to define the normal sequence of isthmus
development in its transition to an adult configuration in the
postnatal period. It has long been recognized that the cardiac
malformation known as infantile or preductal coarctation of the
aorta occurs at the aortic isthmus and there has been speculation
since the earliest descriptions of this lesion that a developmental
abnormality of the aortic isthmus plays a role in this malformation.
Data on the normal isthmus size during fetal life and through the
establishment of the adult circulation would be useful in the
clinical assessment of preductal coarctation of the aorta and of
other cardiac malformations where retention of certain fetal circu
latory patterns may be associated with the presence of retarded
isthmus development.
This study is designed to document the sequence of development
of the aortic isthmus in the normal infant from the third trimester
of gestation through early infancy utilizing a technique comparable
to modern angiocardiography.

2Embryology
The aortic isthmus is that segment of the aorta immediately
proximal to the entrance of the ductus arteriosus into the aorta;
it is the terminal portion of the adult aortic arch. Its proximal
13
limit is usually, although not necessarily, defined by the
junction of the left subclavian artery and the transverse aortic
arch. In the event of failure of the developing left subclavian
artery to complete its cephalad migration past the ductus
arteriosus, there is no clearly defined proximal border of the
aortic isthmus. During embryogenesis the location of the isthmus
corresponds to the part of the left dorsal aorta which lies between
the junction of the fourth and sixth aortic arches, which persist
as the adult left aortic arch and the ductus arteriosus respectively.
Figure I. Adapted from Patten, in Human Embryology
with permission of the publisher.
During development the isthmus region is fleetingly in contact
with a rudimentary fifth aortic arch in the sixth week of fetal

3life and forms part of a patent left dorsal aorta until the period
between six and eight fetal weeks when the segment of dorsal aorta
1 8
between the third and fourth aortic arches atrophies.
The presence of a distinctively narrowed isthmus is not noted
in the classic studies of the early transformation of the aortic
arches. Congdon makes no mention of a persistent narrowing of
the aorta in this region either in the branchial stage when several
aortic arches are simultaneously patent or during the period of
rapid descent of the heart and great vessels into the developing
thoracic cavity in the post-branchial period when the definitive
fourth or adult aortic arch is evolving from its precursor elements.
Congdon determined by measurements of casts and serial sections of
the Carnegie Embryos that the region from the left common carotid
to the ductus arteriosus decreased in length in the period
immediately following rapid descent and increased rapidly in dia
meter to reach a cross-sectional area approximately equal to that
of the proximal aorta which was formed from the more capacious
aortic sac. This observation left little explanation for the
observation of many anatomists and pathologists that the third tri
mester fetus exhibited a definitely narrowed portion of the aortic
arch between the left subclavian artery and the entrance of the
56, 62.ductus arteriosus.
Theories of the formation of the isthmus ranged from that of
Stahel who proposed in 1886 that the narrowing was the result of
a 'kinking' effect due to the angle of curvature of the fourth
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aortic arch, to that of Bremer who attempted in 1948 to find
evidence of a compromised isthmus lumen due to invagination of
endothelial tissue at the site of the degenerating, transient fifth
aortic arch. Apart from these attempts to place isthmus formation
as a specific event in the early evolution of the arch pattern there
has been no thorough study of when the isthmus can first be clearly
identified as a narrowed aortic segment or what its course is
during the first and second trimesters of fetal life.
Development
As noted above, most observations of isthmus development have
centered on description of the isthmus in the mature or third tri
mester fetus and particularly on its developmental course in the
postnatal period. Sabatier in 1791 noted the presence of a
markedly narrowed aortic segment just distal to the left subclavian
6?
artery in the full-term fetus which was not present in the adult.
Hamernjk in 1844- specified that the normal isthmus grew 'because
of the forces of nature' after the closure of the ductus arteriosus
until it reached the same lumen size as the descending aorta.
This view of isthmus development was generally accepted by
Rokitansky, Skoda, and others of the Viennese pathological anato-
mists of the late 19th century,
; and it was not until late in
that century that any studies were undertaken to document the exact
time sequence or quantitative details of isthmus development.

5Quant i tat ive ^Jr^iSA
Theremin in 1895 recorded measurements on large numbers of
normal and abnormal infant hearts and great vessels and was among
the first to chart a normal range for isthmus dimensions. He
observed that in its normal state the isthmus was the most narrow
of all adjacent parts of the aortic arch, being from 0.5 mm. -2.0 mm.
in diameter smaller than the diameter of the transverse arch at
birth and for the first two months of extrauterine life. At the
beginning of the third month an isthmus narrower than the descend
ing aorta by 2.0 mm. was still appreciable in 80 percent of cases,
but by the end of the third month of extrauterine life isthmus
development had progressed to the point where this great a differ-
, r
69
ence in diaaieter was present in only 6 percent or cases.
No further quantitative studies of isthmus development were
made until the observations of Patten in 1930. Patten saw the
prenatal presence of an aortic isthmus as a characteristic part
of the fetal circulatory pattern and accepted postnatal expansion
of this aortic segment as consonant with changes in the fetal
cardiovascular dynamics which occur following birth. In the course
of his investigation of these changes he obtained measurements of
the internal diameter of the isthmus as well as other sections of
the great vessels using a calibrated cone inserted at a fixed
pressure in 30 newborn infants at necropsy. He found the average
diameter of the isthmus to be 4.3 mm., and that of the descending
aorta to be 5.75 mm. in the normal newborn without reference to
54 55
size of the infant.
'
Regarding the postnatal development of

this structure he asserted that between three and four months of
age "...all trace of the narrowing which was so characteristic of
the arch of the fetal aorta has entirely disappeared." Little
work has been done on establishing a normal range rather than an
average figure for these data, on relating absolute measurements
to a variable, such as body surface area, which would aid in
clinical application to individual cases, or on documenting the
rate of growth of the aortic isthmus in the normal infant towards
the adult condition where there is little appreciable difference
in diameter from the descending aorta.
Studies of the growth rate of other parts of the great
, ,_ , , 3, 15, 16, 24, 40, 50 . .vessels have been made, altnougn most often
in older children and adults. These studies have included
24
examination of unfixed vessels at necropsy and a number of
reports of the measurements of various segments of the aortic arch
and thoracic aorta taken from angiographs of normal children and
adults. The latter studies are of interest because of their
applicability to the clinical situation and because they study
the physiologically normal as well as the anatomically normal state.
In studies of the ascending aorta of normal individuals from
4-31 years of age Castellanos, et . al . , obtained a relation
ship between body surface area (B.S.A.) and end-systolic cross-
sectional area of the ascending aorta where
Area (cm2) = 3.16 x B.S.A. (m2) - 0.084
2
i.e., the systolic cross-sectional area of the aorta in cm is
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linearly related to the body surface area of the individual in m
3
by a factor of 3.16. Arvidsson in cases with an average age
of 12 years obtained a similar regression equation and established
a relationship where the factor was 4.01.
The descending aorta has similarly been described by these
workers and end-systolic cross-sectional area found to vary
3 40
linearly with B.S.A. by a factor of 1.76, and 1.6. The
advantage of such data lies in their clinical applicability in
predicting the normal aortic area from the body surface area of
individuals being studied. There are no similar data on the
growth of the aortic isthmus, nor is there direct evidence that
the growth relationships established for the aorta in older
individuals can validly be extended into the prenatal and neonatal
infant group.
Pathology
The importance of documenting normal isthmus development
and establishing quantitative guidelines to normalcy is illustrated
by the problem of defining pathologic degrees of isthmus narrowing
and understanding the etiology of such malformations. In the
9
clinical situation it has long been acknowledged that it is not
always clear, especially when other major cardiac malformations
coexist, whether the narrowed isthmus seen at angiography or
necropsy is retarded in development, normal for that infant, or a
pathologic degree of compromise of the aortic lumen, a true
coarctation of the aorta.

One of the earliest workers to differentiate types of
coarctation of the aorta, Hamernjk, in 184+ distinguished two
36
common types of thoracic aortic coarctation depending on location;
a more common type at or below the level where the ductus arteriosus
enters the descending aorta and a rarer type where the coarctation
occurred between the origin of the left subclavian artery and the
entrance of the ductus arteriosus, precisely in the aortic isthmus.
He felt that the rarer type was related to a
' bildungshemmung ,
'
or
developmental arrest of the isthmus, with preservation of the fetal
dimensions. Rokitansky and Skoda in the 1850 's noted a possible
relationship between the presence of an isthmus in the normal fetus
and coarctation at this site but differed in their explanation of
this relation. Rokitansky felt that the isthmus because of its
small diameter was predisposed to further constriction after the
ductus closed, while Skoda argued that such a narrowing would
enlarge with ductus closure in a normal neonate and coarctation at
the isthmus must result from constriction of its lumen iri utero .
Skoda, in 1855, contributed a major theory of the etiology of the
more common type of coarctation, that occurring at or below the
ductus arteriosus. Still known as the Skodiac Hypothesis, this
theory postulates the extension into the wall of the descending
aorta of ductal tissue which in the neonatal period constricts,
66
along with the ductus itself , producing a coarctation.
Confusion concerning the two types of aortic coarctation
persisted until 1903 when Bonnet carefully reviewed his

9own and all published cases and distinguished two anatomically and
often clinically distinct types of coarctation. The first type
occurred at or below the entrance of the ductus arteriosus, repre
sented by the ligamentum arteriosus, and was characteristically
produced by a semilunar membrane stretched across the aortic lumen,
which viewed externally resembled a ligated vessel. This type of
coarctation was found most frequently in adults and was therefore
obviously compatable with moderate longevity, was associated with
a remarkable collateral circulation, and rarely coexisted with
other cardiac malformations. He noted in his series of 105 cases
one case associated with peripheral pulmonic stenosis, and several
cases with bicuspid aortic valves. The second type of coarctation
of which he had 55 cases, occurred at the aortic isthmus, was a
longer, more diffuse narrowing of the lumen, was found most often
in newborn children at autopsy, and commonly coexisted with other
major cardiac malformations, which included ventricular septal
defects, patent ductus arteriosus, and transposition. Because he
designated each of these lesions according to the time in life when
it became symptomatic or was discovered at necropsy, he called the
first lesion adult coarctation and the second infancile coarctation.
This division has remained valid and is employed today, except that
the time, at which these lesions come to medical attention is not
intrinsic to the lesion and they are better designated not infantile
and adult, but preductal and postductal coarctation.

10
Following this clarification of the types of aortic coarctation,
the possibility of an etiology different from the Skodaic for the
anatomically different preductal coarctation became clear, as did
the need to clearly differentiate pathologic degrees of isthmus
stenosis from the normal isthmus dimensions of an infant at any
given age.
This study is designed to determine the size of the great
vessels and particularly the aortic isthmus in normal fetuses and
newborn infants and to establish a range of normal for these
measurements over a developmental course from the third trimester
of gestation through six months of age. A technique is employed
which simulates n the cadaver the data which are obtained
clinically at angiography in order to give this anatomic study
clinical applicability. It is hoped that these data will be
useful in the diagnosis of preductal coarctation by delineating
the normal developmental anatomy of this region.

11
MATERIALS AND METHODS
An effort was made to simulate aortic angiography since
angiographic films are the available data for determining aortic
size in the clinical situation. Therefore the thoracic aorta of
infants studied at postmortem examination was injected with a
radiopaque gel and vessel diameters measured from roentgenograms
c ,u ... .46of the aortic injection.
The aorta was injected from the diaphram to the supravalvular
aorta with a sol-gel mixture formulated according to a modification
by Hales and Carrington of Schlesinger
'
s buffered iodinated
gelatin injected mass. The injection apparatus, as diagrammed
in Figure I, included an aneroid manometer for pressure determin
ation attached by a closed tube system to an inflation bulb and
a 500 ml. polyethylene airtight screwtop bottle containing the
injection mixture. From the bottom a second Tygon tubing led to
the aortic cannula.
bulb
x~s
oneroid gouge
gelotin-
to specimen
Figure I
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This injection apparatus ensured that the gel could be delivered
to the vessel at any desired pressure over a wide physiologic
range and that this head of pressure could be maintained until
solidification of the gelatin occurred to prevent shrinkage.
The composition of the gelatin mass is given in Table I.
GELATIN COMPOSITION
gelatin Knox 2136
vater
potassium Iodide
NaH,P04
40% octanol
6CW phenol
BaS04 DSP
Total Volume
50 <yn ,
325 nl,
70 T".
21 ir.M .
14 rr.M ,
3 ml.
2C0 gn.
400 ml.
supplied by the Kind and Kxiox
Gelatin Company
The addition of a 30%-40% concentration of formalin to the solution
of gelatin caused the mass to gel over 30-40 minutes allowing
sufficient time for vascular penetration in the sol state. The
ability to control pressure in the system insured that the cast would
solidify under a pressure equal to mean systolic blood pressure
during life.
The shrinkage of the solidifying cast was measured in a separate
control study utilizing arterial injections of adult internal
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mammary arteries with the same controlled pressure system. Injection
was made at a level of systolic pressure as recorded during the life
of each patient whose mammary arteries were obtained at necropsy.
Roentgenograms of the control arteries were made every thirty
minutes from injection through solidification and for 3 hours post-
injection. Internal arterial diameter was measured from these
films by calipher and percent shrinkage calculated. Table II shows
these results and reveals that shrinkage is negligible within
TABLE II
1 2
INJECTION
PRESSURE mm. Hg.
DIAMETER mra .
30 min.
60 min.
90 min.
150 min.
210 min.
% SHSIt^AGE
180 108 108 130 180
2.5 3.0 3.0 4.0 4.0
2.5 3.0 3.0 4.0 4.0
2.5 3.0 3.0 4.0 4,0
2.5 3.0 3.0 4.0 4.0
2.5 3.0 3.0 4.0 4.0
a range of 3 hours post-infusion. Therefore roentgenograms of all
aortic casts were made within three hours of infusion.
This injection study was performed on 34 'normal' infants
from the age of 20 weeks of gestation to 15 weeks postpartum, and
on one 3-year-old and one 4-year-old child. Four infants were
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later excluded from the study because of technical errors. The
infants came to necropsy at YNHH from August 1966 to February
1968. Study infants included only those with no demonstrable
cardiovascular abnormalities. Several infants are included in
the series with gastrointestinal tract abnormalities, neurologic
lesions, or multiple congenital anomaly syndromes not known to
include cardiovascular lesions, such as polydactylism and Eagle-
Barrett Syndrome. The majority of infants were stillborn, died
of prematurity, or died in early infancy from infection or trauma.
Identification of infants in the series by gestational age, sex,
duration of extrauterine life, cause of death, and associated
anomalies is given in Table III.

Table III
15
A"E DURATIC'I OF CAUSE OF DEATH ASncCIATr.3 ATCf-AilE
weeVs frcm EXTRAJTI? INS
conception LIFE (days) SB=stlllborn PP=prerrature REVAPKS
21 0 SB, PR, premature rupture of s.aibrarei none
23 0 SB. Intrauterine death none
23 0 SB, mother hypertensive none
24 2 hr. PR, luTJ expelled with fetus none
24 0 PR, premature rupture of membranes none
26 0 SB, prolapse of cord none
26 2 hr. PR, premature rupture of ircrrbrar.es monozygotic twin
23 7 days PR, aspiration of feeding trisomy 21 In 3lb
29 0 SB, cord around nee*, 7 hydrocephalus none
29 0 PR none
30 4 days PR, pyloric stenosis, subarachnoid hem. polyhydramnios
3 2 days PR lov set ears, hcrseshKidney
31 0 PR, eryt.iroblastalis, transfused In uterg none
34 0 PR, prolapse of cord none
35 4 hrs. PR, respiratory distress none
3*> 47 days PR, gastroschisls duodenal stenosis
37 0 PR, placental separation none
38 3 days hydrocephalus, rachl3chl3ls bll3tJ equlnus, hypo-
39 7 days Eagle-3arrett Syniror.e, renal failu-e n3te-t u'a<-rus, dislo
cated L. hip
3B 0 PR, placental separation none
40 0 duodenal stenosis, cephalhematoma none
40 3 days hydrocephalus, meningomyelocele none
40 0 birth trauma, lacerated liver none
41 6 days hemoglobinopathy kernlcterus
42 13 days jejunal atresia none
42 4 days sepsis, membranes ruptured for 1 month none
42's. 38 days PR, adrenal cortical atrophy none DCA
43 0 utere-placental insufficiency, ?sepsls none
48 56 days crib death none DCA
48 34 days crib death none DCA
49 49 days crib death none DCA
49 93 days crib death none DCA
501? 81 days histiocytosis mediastinal nodes
54 101 days electrocution none
156 3 years diabetic ketoacidosis none
252 4>i years neuroblasts lung metastases
ed from the series due to technical errors
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The study population was taken at random from all infant deaths
where necropsy was permitted and in age, sex, and cause of death is
comparable to the larger infant population coming to postmortem
examination at YNHH during this period with the exception of deaths
due to congenital cardiac disease. Table IV depicts these populations.
These YNHH perinatal and infant mortality data are comparable to those
for Connecticut and the United States as a whole for the last
59
published year, 196.'
TA3LE IV
NEONATAL DEATHS
infants from 450 gms, (20 weeks gestation) to
one year of age examined at necropsy at YNHH
August 1956 February 1958
rcTJ.L. "i".r7jr: s;:at;-:j this s;.i
premature 90 5
stillborn 77 14
newborn 2 3 4
1 week 9 2
AGE 2 weeks 5 1
3 weeks 1 0
4 weeks 1 0
5 weeks 1 1
6 weeks 5 1
7 weeks 1 1
8 weeks 8 2
3 months 9 3
4 months 0 0
5 months 3 0
6 months 2 0
7 months 1 0
8 months 4 0
11 months 1 0
12 months 1 0
CARDIAC DEATHS 41 0
TOTAI. DEATHS
Kales 164 23
Females 107 13
not stated 9 0
CAUSE OF DEA
stillbirth 77 14
prematurity 90 5
congenital heart 41 0
DOA 15 5
hematologic 5 1
multiple congen. anoral. 10 1
gastrointestinal 12
_
3
neurologic 5 2
cystic fibrosis 1 0
meningitis 7 0
sepsis 5 1
cancer 3 1
trauma 3 1
hydrocs 2 0
renal' failure 3 (1)
poisoning 1 0
"55o~ TT

17
Protocol
Study infants were seen at postmortem examination, usually
within 12 hours of death, and the thoracic aorta gently dissected
free from surrounding tissue. The major aortic branches and
intercostals were ligated and divided 0.5-1.0 cm. from their
origins. In an early phase of the study the aorta was injected
in situ and an attempt made to obtain simultaneous biplane roent
genograms of the thorax, but this method proved impossible to schedule
and was abandoned. The protocol used for all members of this series
was as follows. After the thoracic aorta was dissected free of the
mediastinum it was transected at the level of the diaphram and
just distal to the aortic valve cusps. All branches were transected
above their ligatures. The main pulmonary artery was also severed
just distal to the pulmonic valve and the right and left main
pulmonary arteries cut at the hilum of each lung; this technique
permitted removal of the main pulmonary artery and the ductus arterio
sus at its attachment to the aorta in continuity with the aorta.
The specimen was kept moist while all aortic branches and the ductus
at its junction with the main pulmonary artery were ligated. The
distal aorta at the diaphragmatic level was cannulated with a
polyethylene cannula and retrograde aortic perfusion with the radio
paque gelatin begun. The injection mass was always 90 cc. of the
bariura-gelati.n material previously described and 10 cc. of a formalin
solution whose concentration was varied between 30-40% to achieve an
optimal 45 minute setting time. The setting characteristics of each
batch of gelatin were determined by in_ vitro titration against varying
concentrations of formalin. Open system perfusion was continued until

18
a steady stream of the injection mix came from the proximal aorta.
The proximal aortic ligature was then applied and the pressure in
the system set to the desired level for that specimen.
Pressure was maintained at the selected level until the
injection mass was firm. An hour was regularly allowed for this
setting. The aorta was then detached from the injection apparatus
and roentgenograms of the specimen obtained immediately.
Injection pressure was selected for each case to approximate
a mean systolic brachial artery pressure. Pressures for premature
infants have been noted to correlate significantly with weight
43
rather than gestational age. Consequently the mean pressure
corresponding to the weight of each premature infant (less than
40 weeks gestation) was selected from the graph reported by Holland,
43
et . al. Pressures for full term infants were selected from a
similar graph in which duration of extrauterine life was correlated
with mean systolic blood pressure. The data of Holland, et . al.,
compiled from brachial artery palpation with a 2.5 cm. wide cuff
compare well with those of other authors obtained by the flush
28 72
method or direct intra-arterial recording.
Roentgenograms were obtained on Kodak film RP-54 in a cardboard
film container with an exposure technique of 60 KV. at 40 MaS. with
a focal film distance of 40 inches. This technique provided a sharp
film with a well defined interface between the cast and the aortic
intima, and with little parallax to distort the actual dimensions

19
of the cast. To determine the degree of distortion a radiopaque
catheter of knovm diameter was placed beside the specimen for each
exposure and measured from the film. The measured catheter diameter
was in all cases the same as the actual diameter of the catheter
and a factor for roentgenograph^ distortion was therefore
not employed.
Measurements of the internal diameter of the aorta (at the
cast-intima interface) were made with a calipher from the roentgeno
gram at three places along the aortic arch. Figure II demonstrates
an original specimen, roentgenogram, and a diagram designating the
measured positions.
A. Specimen B. Roentgenogram C. Diagram
Figure II

20
Data
The ascending aorta was measured just proximal to the right-
common carotid artery and the descending aorta measured at a
point midway between the attachment of the ductus arteriosus and
the level of the diaphram. The isthmus was measured midway
between the left subclavian artery and the ductus arteriosus.
These data represented the internal diameter of the measured parts
of the aortic arch at mean systolic pressure. All measurements
were made and recorded before collation of the data.
Weight, crown-heel length (C-H) , and crown-rump length (C-R)
were measured for each infant. Expected date of confinement and
birthdate of the infant were obtained from the hospital records.
Measurements obtained for size and data on gestational age for
u r j u . . 48, 12 , .each infant were compared with current criteria for intra
uterine growth of American infants and all infants fell between
the 25th and 75th percentile lines. In nine cases where the
gestational age of an infant was uncertain an assumed age was
obtained by selecting the age corresponding to the infant's weiglit
12
on the 50th percentile line of the weight-age chart of Boyd
or Lubchenko.
Body Surface Area (B.S.A.) for each infant was determined
38 2 2
using the Hannon Nomogram for infants from 0.1 m -0.8 m B.S.A.
which is based on the Meeh-DuBois formula for surface area. For
early abortuses the intrauterine curves for weight, length and B.S.A.
12
established by Boyd were used to determine B.S.A.
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The aorta was assumed to be cylindrical and the cress-sectional
area calculated from the diameter for the ascending, descending,
and isthmus aortic locations. The ratio of the Area Isthmus/Area
Descending Aorta was also calculated for each infant.
Statistical Methods
The calculated aortic arch areas were plotted against B.S.A.
for each aortic region examined. The relationship between these
two variables appeared linear in each case and linear regression
equations were obtained for each relationship as a description of
this relation. The degree of dependence of the two variables
was tested by calculation of the correlation coefficient (r) of each
linear relationship. Because of the small number of cases the
t-test was employed as a test of the significance limits of the
correlation coefficient for the size of the population studied.
The probability (p) expresses for each relationship the degree to
which it differs significantly from complete independence of the
variables .

22
RESULTS
Data
Data for length, weight, B.S.A., measured diameters and calcu
lated areas of the ascending aorta, descending aorta, and isthiaus,
and the status of the ductus arteriosus are recorded in Table I.
Table. I
DUCTUS
AGE C?EN I
21 yes 0 F 320 24 .042 .3 .0708
23 yes 0 M 575 3 0 .050 .4 .1256
23 yes 0 F 563 30 .060 .35 .096
24 yes 2 hrs P 545 3 3 .035 .45 .159
24 yes 0 M 690 30 .070 .4 .1256
26 yes 0 1 350 30 .080 .45 .159
26 yes 2 hrs M 13 90 42 .125 .4 .12 56
29 yes 0 M 1200 37 .105 .6 .233
29 yes 0 M 1285 31 .100 .4 .1256
30 yes 4 iy F 1140 43 .100 .5 .197
30 yes 2 dy K 1575 41 .135 .5 .197
31 yes 0 1635 39 .123 .6 .283
34 yes 6 M 1625 48 .150 .6 .283
35 yes 4 hr 3 M 2525 46 .165 .6 .233
36 no 41
'
dy F 2175 43 .150 .65 .332
37 yes 0 F 2850 52 .190 .6 .233
3e yes 3 dy W 3020 45 .135 .5 .197
39 7 dy 3430 40 .175 .75 .44
38 yes 0 F 2700 49 .185 .7 .386
40 yes 0 M 2325 47 .168 .55 .238
40 yes 3 dy M 3170 48 .193
~
40 yes 0 ? 3997
- .215 .65 .332
41 no 6 dy K 3180 53 .225 .7 .385
2 yes 4 dy F 2625 47 ,178 .6 .193
42.: 3I dy F 29)5 56 .235 .75 .44
43 yes 0 M 3497 48 .200 .7 .385
49 no 5!, dy M 4630 se .265 .85 .5675
49 no 93; dy K 4390 59 .250 .85 .5675
50.!3 no 81 dy a 5235 50 .245 .9 ,636
54 no 101 dy F 4950 57 .2 5 5 .9 .636
156 no 3 '/r F 11500 75 .460
-
252 no 4ti yr X 14100 105 .650 1.35 1.43
OS DESCENDING AC3TA RATIO
area dlareter ?T3CIS. '
.0177 .25 .049 .360
.0708 .4 .1256 .565
.0314 .3 .0708 .445
.0314 .35 .096 .330
.049 .35 .095 .510
.0314 .4 .US6 .2 39
.049 .> .1255 .390
.1256 .55 .138 .523
.049 .35 .096 .510
.0314 .45 .153 .2 00
.0708 .4 .1256 .565
.096 .45 .159 .600
.1256 .6 .2e3 .44 5
.1256 .55 .233 .445
.096 .5 .197 .495
.142 .55 .238 .600
.096 .5 .197 .495
.238 .7 .385 .620
.1256 .65 .332 .378
.1256 .6 .283 .445
.238 .7 .335 .590
.153 > .283 .560
.197 .7 .385 .510
.159 .6 .293 .560
.197 .6 .133 .695
.153 .65 .332 .483
.238 .65 .332 .720
.283 .7 .335 .740
.332 .75 .44 .690
.335 .7 .335 1.000
.5575 .35 .5675 1.000
1.13 1.2 1.13 l.ooo
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Case Groups
In several of the subsequent studies of infant and aortic
growth, there appeared to be two different groups of cases which
were better described by two separate regression equations than
by one equation. Several different ways of characterizing these
two groups were tried. Separation of the population into infants
under 40 weeks and over 40 weeks gestational age, separation into
infants with open ductuses and infants with anatomically closed
ductuses, and separation into fetuses and infants were tried.
Fetuses were defined as those who lived less than 24 hours follow
ing birth or were stillborn, regardless of their gestational age
at the time of birth. Infants included all those whose extra
uterine life exceeded 24 hours. Division into FETUSES and INFANTS
was used because it yielded better correlation for each of the
regression lines obtained for its respective group than did either
of the other ways of describing the population. Fetuses all had
patent ductuses at necropsy and numbered 18 members of the series,
while infants were felt to have functional ductus closure although
anatomic closure was not present in all at necropsy. Infants
numbered 12.
Growth Indices
Weight, length, and Body Surface Area (B.S.A.) were plotted
in relation to the age of each infant studied. Figure I illustrates
these relationships.
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Figure I
The linear regression equations obtained, when x=age in weeks
since conception, and y=length in cm., weight in gm., or B.S.A.
2 . .
in m respectively, are
LENGTH
WEIGHT
B.S.A.
y(cm) = .998x(wks) +7.6
r = .93(p less than .001)
y(gm) = 161.26x(wks) - 3279
r = .94(p less than .001)
y(m2) = .0072x(wks) - .098
r = .96(p less than .001)
Comparison of the correlation coefficients indicates little difference
between these three relationships to age, all of which are significant.
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However the association between age and B.S.A. is slightly greater
and this relationship was therefore explored further.
2
It was noted that the slope of this line (.0072 meters per
week) indicates a more rapid growth rate than that reported by
3
other workers for increase in B.S.A. with age in older children
and adults. If only those infants who lived more than 24 hours
after birth, including a 3-year-old and a 4-year-old studied
specifically for this purpose, were considered, a linear regression
equation was obtained for this group which was very similar to
3 2
that reported from the work of Arvidsson. He found that B.S.A. (m )=
O.llx(yrs) + 0.19, or, when age in years is converted to age in
weeks since conception to compare with the results of the present
study.
B.S.A. (m2) = .0021 x (wks) + 0.106
r = .98
The present study yielded a relationship between B.S.A. and age
for these postnatal infants of
B.S.A. (m2) - .0023 x (wks) + 0.099
r = .96
The relationship of prenatal growth in B.S.A. to age in weeks
since conception remained
B.S.A. (m2) = .0076 x (wks) - 0.115
r = .87
These two relationships are illustrated in Figure 2. Both relation
ships are highly significant (p less than .001).
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These results suggest that the body surface area of infants
increases rapidly in relation to their age while in utero , but
at some time after birth the rate of increase declined to assume
a new constant relationship in older children. The time at which
this alteration in growth rate occurs cannot be accurately determined
from the present study; it is clear that the transition occurs
somewhere before 3 years of age since the 3-year-old studied fits
3
well in the relationship for older children determined by Arvidsson.
The lower limit of this transition in growth rate is sometime after
birth because the linear regression equation which would best
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describe the composite relationship of all infants to age has a
lower correlation coefficient (r = .92) than does the linear
regression equation which can be derived for postnatal infants
alone (r = .96). Examination of the linear regression graph
for infants (Figure 2) reveals considerable scatter among the
values for younger infants. This scatter suggests that a complete
transition from the prenatal growth line to the adult growth line
has not taken place within the age limits of the infants included
in this study.
Thus, when fetuses and infants are considered, the growth
indices, age and B.S.A., are not related by a single linear relation
ship as they are in the results of other workers who studied only
older children and adults. It is therefore clear that the relation
ship of aortic area to these two indices of growth will differ, and
it is not immediately apparent which index unit will relate most
directly to aortic areas. For this reason, the relationship of the
area of the descending aorta to each of these indices, age and
B.S.A., were explored.
When the relationship between area of the descending aorta and
age is obtained for fetuses and infants separately, the regression
lines shown in Figure 3 are obtained.
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Figure 3
The regression equations obtained are
2
FETUSES
INFANTS
y(cm ) = .0126x(wks) - .2004
r = .93
p < .001
y(cm2) = .00368x(wks) + .1438
r = .93
p < .001
Each of these correlations is better than that for a single
regression line describing the dependence between area and B.S.A.
for the group considered as a whole where
y(cm2) = ,0041x(wks) + .0836
r = .90
and a lower correlation coefficient is obtained.
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This result suggests a difference in growth rate for the area
of the descending aorta with faster growth before birth and slower
growth thereafter. This change in rate corresponds to the earlier
change in growth rate observed when the B.S.A. was plotted against
age and suggests that the change in aortic growth rate when analysed
for fetuses and infants may only reflect the change in growth rate
of the whole infant demonstrated in the earlier graph (Figure 2) of
B.S.A. compared to age. When growth of the descending aorta is
considered in relation to B.S.A. as in Figure 4, it becomes clear
that the relationship of aortic growth to overall infant growth,
as reflected in B.S.A. is the same for all groups.
_j i i i 1 -i, i -f, 1
.05 .10 15 .20 .25
r .45 r .65
BODY SURFACE AREA(m.2)
Figure 4
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This figure illustrates that the area of the descending aorta
increases in a constant relationship to growth of the child both
before and after birth. The regression equations obtained when
2 2
x = B.S.A. in meters and Y - aortic area m cm , are
ALL y(cm2) = 1.603x(m2) - .017 r = .95 p-c.001
FETUSES y(cm2) - 1.560x(m2) - .007 r = .90 p<.001
INFANTS y(cm2) = 1.633x(m2) - .028 r = .95 p<.001
This linear regression equation for the entire group also compares
well with that of other workers
HERNANDEZ40 y(cm2) = 1.67x(m2) + .038 r = .98
3 2 2
ARVIDSSON y(cm ) = 1.76x(m ) - .500 r = .74
who were studying older populations. Considering only the infant
population of this study and excluding the two older children
studied to delineate the transition in growth rates, an overall
regression equation is
ALL y(cm2) = 1.56x(m2) - .009 r = .89
2 2
FETUSES y(cm ) = 1.56x(m ) - .001 r = .90
2 2
INFANTS y(cm ) = 1.59x(m ) -.015 r = .81
This relationship is illustrated in Figure 5.
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Clearly, for this aortic region, the growth of its area is linearly
related to growth of the infant as a whole (B.S.A.) at all times
throughout life. Therefore body surface area (B.S.A.) was employed
as an index of the growth of the whole child with advancing age and
the areas of the aorta considered in subsequent sections were
examined in relation to this index of growth.
Descending Aorta
As discussed above, the area of the descending aorta measured
at the midpoint of the thoracic aorta was linearly related to B.S.A.
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and approximately the same regression line obtained for all infants
regardless of age or birth status. A similar linear regression
equation was also obtained in studies on normal populations with
2 3
an average age of 12 years and an average B.S.A. of 1.5 meters .
The linear relationship obtained for the infants in this series
2 2when y=cm area, and x=B.S.A. in meters was
2 2
y(cm ) = 1.56x(m ) - .009
r = .89
p < .001
Ascending Aorta
The area of the ascending aorta bears a relationship to B.S.A.
which can be described by the linear equation
y(cm2) = 2.213x(m2) - .049
r = .90
p < .001
This relationship is illustrated in Figure 6.
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The scatter in this graph suggests the presence of two groups
of data. When separate regression equations are obtained for
fetuses and infants, each group has a correlation coefficient
comparable to that for the entire group, but because there are
fewer degrees of freedom, the relationships are more highly signi
ficant. Figure 7 illustrates these relationships of . ascending
aortic area to B.S.A. for fetuses and infants.
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Figure 7
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The linear regression equations are
2 ?
y(cm ) = 2.90x(m ) - .17}
FETUSES y(cm") = 1.63x(m~) + .01.7
r = .88 (p .001)
INFANTS
r = .87 (p .001)
These findings suggest that the ascending aorta grows at a more
rapid rate in relation to body growth as a whole in the immediate
postnatal period than it does in utero. Comparison of the slopes
of these two equations (1.6 to 2.9) suggests that the aortic area
increases almost twice as fast in the first few months of life.
It is difficult to compare the results obtained for
ascending aorta growth by different
workers because the initial measure
ments have been made in different
portions of the ascending aorta.
3
Arvidsson, who measured the aorta
at its widest internal diameter or angiograms of older children and
adults obtained the linear regression
y(cm2) = 4.01x(m2) - 1.9
r = .89
15
Castellanos, measuring at the midpoint of the ascending aorta
described the relationship
y(cm2) = 3.17x(m2) - .084
r = .99
and the present study, where the ascending aorta was measured at
its narrowest point, just proximal to the origin of the right
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brachiocephalic trunk found in INFANTS that
y(cm2) = 2.90x(m2) - .178
r = .87
There has been no comparable work done on the intrauterine growth
of the ascending aorta and its relationship to the overall body
growth to compare with the line obtained for FETUSES in this study.
Aortic Isthmus
The aortic isthmus area, like that of the ascending aorta,
2
relates linearly to B.S.A. When y = area in cm and x = B.S.A.
2
in m ,
y(cm2) = 1.24x(m2) - .059
r = .86
But there is considerable scatter and the suggestion of two groups
of data in Figure 8.
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Again, separation of the cases into FETUSES and INFANTS yields
two separate linear relationships with correlation coefficients
comparable to that of the relationship of area to B.S.A. for the
group as a whole. Figure 9 illustrates this finding.
.05 .10 .15 20 .25 .30
BODY SURFACE AREA (m2)
Figure 9
The line describing a relation between isthmus cross-sectional area
and B.S.A. for FETUSES is
y(cm2) = .809x(m2) - .0104
>7 (p<.001)
and that for INFANTS
y(cm2) = 1.81x(m2) - .167
r = .839 (p<\001)
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These findings indicate that the area of the isthmus increases
slowly in relation to growth of the child in utero, and that there
is a sudden postnatal increase in isthmus growth in which the rate
of its growth in relation to the B.S.A. more than doubles. (slope
of .809 becomes a slope of 1.81) Again, there are no comparable
data from other workers. A major interest of the present study is
the establishment of a relationship between isthmus and descending
aorta areas and determination of the time when isthmus area becomes
equal to descending aorta area as has been asserted in the
9,36,56,69literature.
If descending aorta growth, which is linear with respect to
body surface area (see Figure 5) , is taken as an index of aortic
development, growth of the isthmus can be illustrated through a
, , , . ... area isthmus . . ,,
ratio obtained by dividing - . This ratio willJ
area desc. aorta
remain constant as long as isthmus and descending aorta grow in
fixed proportion. An increase in the ratio would reflect an
increase in isthmus area above and beyond the linear growth required
to maintain constant relative areas with increasing size of the
child. Insofar as this ratio did increase and approach unity (1.0)
it would be fulfilling the hypothesis of Patten and others that the
area of the isthmus grows to become the same as the area of the
descending aorta. When the ratio between isthmus and descending
aorta areas for each infant is obtained, and the mean value for all
2
ratios within each 0.05 meter incremental increase in B.S.A.
is computed, the correlation of these mean values against B.S.A.
shown in Figure 10 is obtained.
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The linear regression equations for the ratio plotted against
B.S.A., where y = the ratio on a scale of 0-1, are
2,
FETUSES
INFANTS
y = .725x(m ) + 0.363
r = .87 (p<.05)
y = 3.06x(m2) - 0.003
r = .99 (p<.01)
Before birth the isthmus area is increasing slightly faster
than the descending aorta area since the ratio does not remain
constant but increases slowly. After birth the istlimus experiences
a growth spurt above and beyond its expected linear growth based
on the child. The isthmus is growing 4 times as fast in the infant
as in the fetus.
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The growth line for infants established above could be used
clinically to predict the percentage of the area of the descending
aorta which an isthmus should have attained in the normal child of
any given B.S.A. Extrapolation of this growth slope to unity also
indicates that the area of the isthmus might be expected to equal
the area of the descending aorta at a B.S.A. between .30 and
.35 m ,
The relationship established earlier between B.S.A. and age
for this population, seen in Figure 11, shows that an infant who
50
40
.30
v 20
.10
10 20 30 40 50 60
AGE FROM CONCEPTION (wks.)
70
Figure 11
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continued to grow in the immediate postnatal weeks at the same
2rate he manifested in utero would reach .325 meters B.S.A. at
57.5 weeks from conception or 17.5 weeks (4.3 months) from birth
at full gestation. Several reservations qualify this projection;
first there are not enough infants sutdied in the older age range
to establish a range of normal at the point where the ratio of
the areas reaches unity, and second it cannot be determined from
this study at what age or B.S.A. an infant makes the transition
from the fetal linear growth rate to the linear growth rate
characteristic of older children and adults. If the neonate is
growing at the same rate as he did in utero , however, then the
infant who behaves as this series of cases predicts will have an
isthmus area equal to that of his descending aorta at approximately
four months. This estimate compares favorably with that of earlier
workers from Theremin to Patten who asserted that almost all trace
of the isthmus narrowing had vanished by the end of the third month
f -I r 56of extrauterine life.
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DISCUSSIOn'
The developmental course of the normal aortic isthmus from a
structure which is a prominent part of the fetal circulatory
system to one which is barely detectable in the four month old
infant has been confirmed and delineated by the present study.
From an intraluminal area 36% that of the adjacent descending aorta
in the youngest infant studied (21 weeks) the isthmus gradually
increased its area to 50% of that of the descending aorta at
40 weeks of gestation or birth.* In postmature fetuses the isthmus
2
continued to expand at this rate, that is 7% per 0.1 m increase
in B.S.A., but in infants who were born, whether prematurely or
at full gestation, the growth rate of the isthmus abruptly
increased. At 5 weeks of life the average isthmus was 70% of the
descending aorta in cross-sectional area, and at 12 weeks of life
85%. By 15 weeks following birth at 40 weeks gestation the cross-
sectional area of the isthmus was greater than 95% of that of the
descending aorta, a figure associated with an almost unmeasurable
difference in diameter.
Clinical interest in the aortic isthmus has centered around
the pathologic condition of preductal coarctation of the aorta
which occurs at this site. There has been speculation whether a
* This value agrees with Patten's statement of the average measure
ments at birth. He noted an isthmus diameter of 4.3 mm. and a
descending aorta diameter of 5.75 mm. The ratio of the areas of
these values shows an isthmus which at birth has an area 54% that
of the descending aorta.
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hemodynamically significant coarctation could be produced by a
q
simple 'arrest of development' at birth, or whether an intrauterine
cause must be sought for the occurrence of preductal coarctation.
If by developmental arrest were meant absolute failure to increase
in area from birth on it is clear that with the rest of the aorta
continuing to grow at its normal rate a significant coarctation
would soon be present. If, as is more likely. Bonnet and other
older workers meant failure to complete a normal developmental
course which involves, as this study has shown, a fourfold increase
in growth rate over that of the descending aorta following birth,
such a failure would result in an isthmus whose area continued to
be 50% of that of the descending aorta. Experimental studies on
the percentage of aortic constriction necessary to produce hemody
namically significant coarctation have yielded results varying from
25% decrease in luminal area to 45-55% decrease. ' However,
by either of these criteria, an isthmus which failed to enlarge in
area differentially following birth would, at 50% of the descending
aorta area, be a significant degree of coarctation.
Coarctations which restrict isthmus area more than 50% would
still necessitate invoking either an active postnatal constriction
of the preductal aorta as a number of workers
' have postulated
66
or an intrauterine constriction or developmental arrest. Theories
of postnatal constriction such as the Skodiac hypothesis have been
acknowledged an adequate explanation of postductal coarctation, but
30
have recently been extended by the work of Gillman, who demonstrated
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oxygen sensitive tissue in the preductal area in several animal
21
species which reacted as does ductal tissue by constricting as
the oxygen tension increased. Intrauterine coarctation has generally
been attributed to aortic constriction, possibly in connection with
degeneration of the transient fifth aortic arch. ' 4 As demon
strated in the present study however, the isthmus is growing more
rapidly than the adjacent descending aorta in utero and deprivation
of the stimulus to this differential growth could be an etiologic
factor in preductal coarctation. If the isthmus expanded at the
same rate as the descending aorta with increase in fetal B.S.A.,
its area would remain at 36% of that of the descending aorta. This
would represent 65% 'coarctation' at birth.
Speculation as to the 'stimulus' for isthmus formation and
subsequent increase in its cross-sectional area following birth
has centered on the dynamics of flow through the fetal and infant
isthmus. If the velocity of flow remains unchanged, a substantial
increase in flow accompanying closure of the ductus arteriosus,
which served as a shunt bypassing the isthmus in the fetus, would
exert increased pressure against the walls of this narrowed
region and promote its expansion. While such an increase in flow
is postulated by all who have analysed fetal and neonatal circula
tory pathways, it has been difficult to demonstrate or quantify.
Measurement of the relative volume of left ventricular output
which perfuses the aortic isthmus is technically difficult and has
not yet been accomplished, even in animals. On the basis of
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anatomic studies Sabatier postulated in 1791 that there was no
flow through the isthmus in the fetus, as there was none through
the lungs, and that two completely separate circuits, a cephalic
and a caudal, existed in the fetus. With the establishment of
adult circulatory pathways, the pulmonary, or lesser, circulation
and the aortic, or greater, circulation were linked in series, and
all of left ventricular output save that to the head and arms
traversed the aortic isthmus. Figure I illustrates the location
of the isthmus in the fetal and adult circulatory pattern.
FETAL CIRCULATION
s.yc_
ADULT CIRCULATION
Figure I
This all or none hypothesis has subsequently undergone two
centuries of modification and qualification but the theory remains
that so long as the ductus arteriosus is open much of the right
ventricular output will bypass the lungs, the left side of the
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heart, and the. aortic isthmus, and reenter the aortic circulation
in the descending thoracic aorta.
Quantitative estimates of isthmus flow in the fetus and
neonate were first derived from measurements of the areas of
q4vessels in human infants at necropsy." Later, regional oxygen
saturation data became available from pioneering studies on lamb
fetuses and neonates, and at the same time the first radiographic
studies were available documenting qualitatively the actual course
of blood flow in the fetal lamb. ' These studies established
that the circulation actually did pass through the lungs and
isthmus in the fetus, as Patten, from postmortem studies, had argued
54 8
it must. Barron, in an analysis of oxygen saturation data,
argued that these data suggested a gradually increasing isthmus flow
throughout gestation as well as a gradually increasing lung circu
lation. He estimated, as had Patten by measuring vessel caliber,
that at term equal volumes of blood passed through the isthmus and
the ductus. Both felt that the incremental increase in aortic
isthmus flow following birth would be by that amount which had
formerly traversed the ductus, resulting in a doubling of flow
through the isthmus.
The exact magnitude of these changes in any given instance has
only recently been demonstrated and complete data are limited to
animal studies. In 1954, Born, et . al . , calculating from differential
oxygen saturation data in mature fetal lambs estimated flow through
the aortic isthmus at 120 ml/kg/min., or 69% of the left ventricular
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output (LV) which was calculated at 174 ml/kg/rrin. These data are
summarized in Table I.
TASLE I
BSFCRE BIRTH
mJL/k^/:r 1 n .
AFTER BIRTH
uLAVnln.
BORN, et. al., 195411
left ventricular output 174
lung flow 31
ductus flov 110
isthmus flov 120
(nil Ileal flov 180
CRCSS, et. al., 195319
left ventricular output 115 325 30
19
Cross, et. al. later demonstrated from oxygen consumption studies
a left ventricular output of 115 ml/kg/min. in the fetal lamb,
somewhat less than the value calculated by Born. With the same
method an LV output of 325 ml/kg/min. was calculated for the
immediate postnatal period. The absence of shunts was assumed in
23
this calculation but this agrees with the report of Dawes that
under basal conditions there is no ductus shunt in the lamb within
minutes after birth or if there were, it would be left-to-right and
the flow would still traverse the isthmus.
If cephalic flow (to the arms, head and coronary arteries for
the purpose of this discussion) did not change in the immediate
postnatal period but remained at the 31% of LV output calculated
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by Born then the remaining 69% of LV output would now be 230
ml/kg/min., an increase of 110 ml/kg/min, over the fetal isthmus
flow of 120 ml/kg/min. or a 100% increase. These data agree well
with earlier predictions that isthraus flow equaled ductus flow in
the fetus and that isthmus flow after birth increased by that
amount of blood which formerly passed through the ductus.
4
Assali, et. al.,in 1964, directly measured flow through the
major vessels of the same lamb before, during, and after birth
until flow in the major shunts had ceased. These measurements
were accomplished with a cuff type electromagnetic flowmeter. The
data are reproduced for reference in Table II.
TABLE II
BEFORE aip.i"H AFTER BIRTH
mlA^-'r"iln, mlAcrAln.
aortic flov 37 131
pulmonary artery flov 13S 147
foramen flov 60 0
ductus flow 101 0
lung flew 37 147
(pul. art. -ductus)
effective cardiac output 198
(aortic + ductus )
unblltca) vein flov 132
3siaTi, et. al., IvT-i*
These values are somewhat lower than those of Born, a discrepancy
which may be partially accounted for by the fact that Born assumed
an umbilical flow of 130 ml/kg/min. , while Assali measured an
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umbilical flow of 132 ml/kg/min. * In spite of this, lung flow is
similar, as is ductus. flow.
Assali did not directly measure isthmus flow, but if several
assumptions are made this can be calculated. If cephalic flow
were 31% of LV output, as Born calculated, then flow through the
isthmus in the fetus would be 67 ml/kg/min. After birth, with
total LV output recorded at 131 ml/kg/min., this value would become
90 ml/kg/min. This represents an increase in flow of less than
30%. A flow through the isthmus to the descending aorta of
90 ml/kg/min. however is less than the flow to the descending
aorta which Assali measured in the fetal state; that is ductus
plus isthmus flow or 168 ml/kg/min. Perhaps the postnatal data
represent the recording of some intermediate circulatory pattern
the nature of which is not clear from the material presented.
Quantitative measures of the size of cardiac output and
aortic isthmus flow in the human fetus and neonate are limited.
There are no data on isthmus flov; or cardiac output in the fetus.
Studies of LV output in the newborn have yielded values from
? 5 8 2 29
2.5 L/min/m" to 3.9 L/min/m , or the comparable value of
21
348 ml/kg/min. The percentage of this flow which actually
traverses the isthmus is also unknown since coronary flov; and
* It is noteworthy that in a personal communication to Dawes in
1966, Assali reported an umbilical artery flow with his technique
of 183 20 ml/kg/min.21
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cephalic flov; have not been measured in the human infant. The adult
cephalic flow represents 37% of cardiac output, and it is remark
able that this figure is comparable to the 31% estimated by Born
for lambs, since the weight of the brain of a human infant is
21
approximately 10 times that of a lamb. If this value for cephalic
flow is adopted however, then flow through the human istlimus in
the neonate equals 129 ml/kg/min. The magnitude of the increase
over intrauterine isthmus flov; which this value might represent
cannot be determined.
It should be noted that while these data for cardiac output
are calculated for the absence of shunts, intermittent shunting
in the newborn has been demonstrated. Functional ductus and
foramen ovale closure have been demonstrated within minutes to
47 23
hours following birth,
' which implies that the full force of
the increased flov; to the left ventricle and aortic arch would be
implemented almost immediately. However, anatomic closure of
54
these orifices occurs much later and numerous instances have
been recorded in which changing the inhaled oxygen content or
inducing crying has caused an infant's ductus to re-open with
, , ., 2, 10, 27, 32, 51, 52, 58
either left-to-right or right-to-lef t flow.
In summary, the available data on isthmus flow, albeit derived
primarily from lamb studies, suggest an increase in flow through
the aortic isthmus in the immediate neonatal period of from 30-100%.
and definitely demonstrate that isthmus flow in the mature fetus
is substantial.
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The findings of the present .inatoric study concur with the
result cxpccced if .1 ve.-.sel , c.;- ;">!. e : growing under this
stimulus, is subjected to increased flow. Prenatally, the slow
increase in are.! of the isthmus above and beyond that of the
descending aorca, as described bv the slope of the prenatal
isthmus area
, ., , _, , . , 2 .
ratio which increased 7.15% / 0 . lm increase
om
desc. aorta area
in B.S.A., may reflect the gradual increase in lung flov/ whos
Q
occurrence with the growth of the fetus has been postulated.
Such an increase in lung flow would gradually shift more blood fr
the ductus arteriosus route through the lung to enter the left-
sided circulation and traverse the isthmus, while the total flow
delivered cc the descending aorta would remain unchanged. A
constant flow/kg to the descending aorta would accord with the
unchanging slope of the linear relation of descending aorta area
to B.S.A. Although estimates of the magnitude of lung flow at full
11 4
term have been made, (from 31%. to 37% ) there are no data in younger
lambs from which the change in flow could be measured.
Postnatally the area of the descending aorta continues to
grow in a linear relationship to S.S.A. in accord with the finding
that flow to the descending aorta is probably of the same magnitude/kg
as in utero. At the same time, immediately after birth the ascend
ing aorta and isthmus double their prenatal rates of increase in
internal cross-sectional area. This increase corresponds to a
simultaneous postnatal increase in flow through the ascending aorta
and isthmus, an increase which. has been variously estimated at from
30% to 100% or double the prenatal value.
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The values suggest that apart from pressure and resistence
changes which are simultaneously occuring throughout the cardio
vascular system, the increased volume of blood/kg/min . delivered
to the aortic isthmus with increasing lung flow in utero and with
closure of the ductus in the neonate, might be an etiologic factor
in the gradual prenatal and marked postnatal increase in the area
of the aortic isthmus documented by this study.
If the volume of flow delivered to the isthmus is an
etiologic factor in its development, then alterations in flow could
have profound effects on the dimensions of the isthmus. From this
study it can be postulated that a derangement of hemodynamics which
deprived the isthmus of its gradually increasing flow related to
increasing lung flow could result in a markedly narrowed isthmus.
A diminished isthmus flov; from the time of formation of the fetal
18
cardiovascular system, completed at eight weeks gestation, would
have even more profound effects. Such an alteration in normal
hemodynamics could occur in a number of congenital cardiac malform
ations. The magnitude of blood flow through the aortic isthmus might
be diminished by any cardiac lesion which limited left ventricular
output, by lesions in which left-to-right shunting above the level
of the aortic isthmus existed, and by lesions which restricted
lung circulation and thereby venous return to the left heart. A
circulatory system which had developed normally i_n utero might
still, by failure to complete foramen ovale or ductus closure,
deprive the aortic isthmus of that additional increment of flov;
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necessary for its normal postnatal development. By the same token,
hyperdynamic situations with increased cardiac output in utero
or after birth might result in premature completion of normal
isthmus development.
Such speculations concerning the possible effects of
congenital cardiac anomalies on isthmus development are not without
clinical relevance. It is a striking and distinguishing feature
of preductal coarctation, recognized since the earliest case studie
that this lesion occurs most commonly in combination with other
major congenital cardiac malformations. A review of 155 cases of
coarctation of the. aorta seen in this institution from 1947 to the
70,71,65 , , c.
present further confirms this impression.
TABLE III
COARCTATION WITH ASSOCIATED KAJO?. CARDIAC LESION
122 cases
14 IVSD 2 IASD
6 EFE 16 IASD + PDA
43 PDA 2 PS
16 IVSD + PDA 1 PS + AS
1 A-P window 10 AS
1 mitral atresia 1 Tetralogy
6 transposition 1 A-V conxune
1 TAPVR 1 hypoplastic LV
COARCTATION OCCURRING ALC>rS
33 cases
transverse arch 2
po-tduct*l 27
preductal 1
location
undetermined 3
While almost every case of preductal coarctation of the
aorta has an accompanying shunt, it is clear that not every
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congenital cardiac abnormality involving a shunt has an accompany
ing preductal coarctation. If a theory invoking hemodynamic shifts
as an etiology of preductal coarctation were to have validity,
precise quantitative study of the magnitude of the shunts involved
as well as the magnitude of normal isthmus flow and isthmus flow
with shunts, would be necessary to document it.
The present study, documenting the anatomic course of normal
isthmus development in the human infant, correlates well with
what is known about normal evolution of flow through the isthmus
and confirms and extends the earlier studies of isthmus anatomy.
It is hoped that this study will also contribute to the clinical
problem of differentiating a normal isthmus from preductal
coarctation of the aorta at angiography.
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Sir>eL\RY
The thoracic aorta of thirty normal fetuses and infants was
examined at necropsy employing a cadaver injection technique
designed to simulate clinical aortography. Growth of the great
vessels was studied.
1) The descending aorta systolic cross-sectional area
2when correlated with the body surface area increased 1.6 cm
2
per m in both fetuses and infants.
2) The ascending aorta systolic area in fetuses increased
in relation to body surface area as did the descending aorta.
2 2
(1.6 cm per m ). The ascending aorta in postnatal infants increased
in area at twice the rate of the descending aorta and of its own
2 2
prenatal increase. (2.9cm per m ),
2 2
3) The aortic isthmus area increased .8cm per m in fetuses
2 2
but 1.8cm per m following birth. This is again twice the rate
of prenatal increase in area. This growth rate is such that the
mean isthmus area in the infants studied was 36% that of the
descending aorta area at 21 weeks gestation, 50% at birth, 70% at
5 weeks after birth, and by 17 weeks after birth would be equal to
that of the descending aorta.
4) The data on growth of the ascending and descending aorta
correlate well with the quantitative studies of other workers,
and extend the age range of normals studied. The data presented
on the aortic isthmus confirm the earlier qualitative observations
on its developmental course.
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6) The correlation between the present anatomic data on the
aortic isthmus and the hemodynamic data which are available on
perfusion of this region is discussed.
7) The implications of the present study for diagnosis of
preductal aortic coarctation are examined, as is the possible role
of developmental retardation of the isthmus in the etiology of
this lesion.



REFERENCES
1. Abbott, M. E. Coarctation of the aorta. American Heart
Journal 3:392-421, 574-618, 1928.
2. Adams, F. H. , and Lind, J. Physiologic studies on the
cardiovascular status of normal newborn infants. Pediatrics
19:431, 1957.
3. Arvidsson, H. Angiocardiographic measurements in congenital
heart disease in infancy and childhood: I--Size of the
ascending and descending aorta. Acta Radiologica 1:981, 1963.
4. Assali, N. S., and Morris, J. A. Maternal and fetal circulations
and their interrelationships. Obstetrical and Gynecological
Survey 19:923-948, 1964.
~ ' "" "
5. Barclay. A., Barcroft, J., Barron, D. H. , and Franklin, K. J.
A radiographic demonstration of the circulation through the
heart in the adult and in the fetus and the identification of
the ductus arteriosus. British Journal of Radiology 12:505-
517, 1939.
6. Barclay, A., Barcroft, J., Barron, D. H. , Franklin, K. J., and
Prichard, M. M. L. Studies of the foetal circulation and of
certain changes that take place after birth. Anerican Journal
of Anatomy 69:383-406, 1941.
7. Barcroft, J., Barron, D. H. , Cowie, A. T. , and For sham, P. H.
The oxygen supply of the foetal brain of the sheep and the
effect of asphyxia on foetal respiratory movements. Journal
of Physiology 97:338-346, 1940.
'
8. Barron, D. H. The changes in the fetal circulation at birth,
Physiological Reviews 24:277-297, 1944.
9. Bonnet, L. M. Sur la le'sion dite ste'nose conge'nitale de
l'aorte dans la rdgion de 1'isthme. Revue de Medecine 23:
255, 335, 419, 481, 1903-
10. Born, G. V. R. , Dawes, G. S., Mott, J. C, and Rennick, B. R.
Constriction of the ductus arteriosus caused by oxygen and
asphyxia in newborn lambs. Journal of Physiology 132:304,
1956.
11. Born, G. V. E. , Dawes, G. S., Mott, J. C, and Widdecombe,
J. G. Changes in the heart and lungs at birth. Cold Spring
Harbor Sj^mpj^asia in Quantitative Biology 19:102, 1954.
12. Boyd, E. C^itl_ine_ of Physical Growth and Development. Minneapolis:
Burgess, 194.1.

57
13. Bremer, J. L. Coarctation of the aorta and the aortic isthmuses.
Archives of Path_o_logjy 45:425-434, 1948.
14. Burton, A. C. Physiology and Biophysics of the Circulation.
Chicago: Year Book Medical Publishers , ~1965.'
15. Castellanos, A. G. , and Hernandez, F. A. Angiographic size
of the ascending aorta in congenital heart disease. Radiology
86:31-37r 1966.
16. Castellanos, A. G., and Hernandez, F. A. Angiographic size of
the left ventricle in congenital heart disease. American Journal
of Roentgenology 97:281-290, 1966.
17. Clatworthy, H. W. , Sako, Y. , Chisolm, T. C, Culmer, C, and
Varco, R. Thoracic aortic coarctation. Surgery 28:245, 1950.
18. Congdon, E. D. Transformation of the aortic arch system during
development of the human embryo. Contributions to Embryology
No. 6S. Volume 14, Nos. 65-71. The Carnegie Institute of
Washington, 1922.
19. Cross, K. W. , Dawes, G. S., and Mott, J. C. Anoxia, oxygen
consumption and cardiac output in new-born lambs and adult
sheep. Journal of Physiology 146:316-343, 1959.
20. Dawes, G. S. Changes in the circulation at birth. British
Medical Bulletin 17:148-153, 1961.
21. Dawes , G. S. Foetal and Neonatal Physiology. Chicago: Year
Book Medical PublishersT 19687
~"
22. Dawes, G. S., Milne, E. D. , Mott, J. C, and Widdecombe, J. G.
The closure of the foramen ovale after birth. Journal of_
Physiology 122, 1953. Abstract.
23. Dawes, G. S., Milne, E. D., Mott, J. C, and Widdecombe, J. G.
The patency of the ductus arteriosus after birth. Abstract.
Journal of Physiology 122: 1953.
24. De La Cruz, M. . Anselm, G. , Romero, A., and Monroy, G.
A quantitative study of the ventricles and great vessels in
normal children. American Heart Journal 60:675-690, 1960.
25. Dotter, C. T. , and Steinberg, I. Angiocardiographic measure
ments of normal great vessels. Radiology 52:353, 1949.

58
26. Dotter, C. T., and Steinberg, I. Angiocardiography: the normal
angiocardiogram. Annals of Roentgenology XX: 84, 1951.
27. Eldridge, F. L., and Hultgren, H. N. The physiologic closure
of the ductus arteriosus in the newborn infant. Journal of
Cljnii_cal Investi_gtion 34:987,1955.
28. Forfar, J. 0., and Kibal, M. A. Blood pressure in the newborn
estimated by the flush method. Archives of Disease in Childhood
31:126-130, 1956.
~~ " ' '
29. Gessner, I., Krovetz, L. J., Benson, R. W. , Pyrstowsky, H. ,
Stenger, V., and Eitzman, D. V. Hemodynamic adaptations in
the newborn infant. Pediatrics 36:752-763, 1965.
30. Gillman, R. G. , and Burton, A. C. Constriction of the neonatal
aorta by raised oxygen tension. Circulation Research 19:755-
765, 1966.
31. Glass, I. H. , Mustard, W. T. , and Keith, J. D. Coarctation
of the aorta in infants. Pediatrics 26:109-122, 1960.
32. Goldring, D., Behrer, M. R. , Thomas, W. A., McCoy, E. , and
O'Neal, R.M. Clinical and pathologic observations in
infants with coarctation of the aorta and patent ductus
arteriosus. Journal of Pediatrics 51:18-27, 1957.
33. Guptra, T. C. Effects of arterial, and pulmonary shunts on
the dynamics of aortic coarctation. Circulation 3:32-40,
1951.
34. Guptra, T. C, and Wiggers, C. J. Hemodynamic changes produced
by aortic coarctation. Circulation 3:17-31, 1951.
35. Hales, M. R. , and Carrington, C. B. Pigmented gelatin mass for
vascular injection. Unpublished data.
36. Hamernjk, J. Einige Bemerkungen (lber die Obliteration des
AnfangsstUckes der absteigenden Aorta. ViertelJahrsschrif t
fUr die Praktische Heilkunde 1:41-59, 1844. Prag.
37. Hamilton, W. F. , Woodbury, R. A., and Woods, E. B. The relation
between systemic and pulmonary blood pressures in the fetus.
American Journal of Physiology 119:206-212, 1937.
38. Hannon, R. R. in DuBois, E. F. Basal Metabolism in Health and
Disease. Philadelphia: Lea & Febiger, 1936.

59
40.
39. Hartman, A. E., Goldring, D., and Staple, T. W. Coarctation
of the aorta in infancy: hemodynamic studies- Journal of
Pediatrics 70:95-101, 1967.
Hernandez, F., and Castellanos, A. G. Angiographic demonstration
of the size of the descending aorta in congenital heart disease.
Angiology 16:550-561, 1965.
41. Hill, A. B. Principles of Medical Statistics. New York: Oxford
Press, 1961.
42. His, W. , and Spalteholz, W. Handatlas der Anatomie des Menschen.
Leipzig: Hirzel, 1899.
43. Holland, W. W. , and Young, I. M. Neonatal blood pressure in
relation to maturity, mode of delivery, and condition at birth.
British Medical Journal 2:1331-1333, 1956.
44. Lind , J. Heart volume in normal infants. Acta Radiologica:
supplement #82. Y5SQ
45. Lind, J., Stern, L. , and Wegelius, C. Human Foetal and Neonatal
Circulation. Springfield: Charles Thomas, 1964.
46. Lind, J., and Wegelius, C. Angiocardiographic studies on the
human foetal circulation. Pediatrics 4:391-400, 1949.
47. Lind, J., and Wegelius, C. Human fetal circulation: changes
in the cardiovascular system at birth and disturbances in the
post-natal closure of the foramen ovale and the ductus
arteriosus. Cold Spring Harbor Symposia in Quantitative
Biology 19:109,1954.
-.--.---
48. Lubchenco, L. 0., Hansman, C, and Boyd, E. Intrauterine growth
in length and head circumference as estimated from live births
at gestational ages from 26-42 weeks. Pediatrics 37:403-409,
1966.
49. Maurea, Nylin, G. , and Silberger, A. Normal heart volume.
Acta Cardielogica 10:336-361, 1955.
50. Moss, A. J., Adams, F. H. , 0'Loughlin, B. J., and Dixon, W. J.
Growth of the normal aorta and of che anastomotic site in
infants following surgical resection of coarctation of the
aorta. Circulation 19:338-348, 1959.

60
J., Emmanouil ides, C . , Adams, F. A., and Chuang , K.
of ductus arteriosus and pulmonary and systemic
pressure to changes in oxygen environment in newborn
Pediatrics 33:937, 1964.
J., EmmanoLiilides , C, and Duffie, E. R. , Jr. Closure
of the ductus arteriosus in the newborn infant. Pediatrics
32:25-31, 1963.
53. Nadas, A. Pediatric Cardiology. Philadelphia: Saunders, 1963.
54. Patten, B. M. Changes in the fetal circulation following
birth. Chapter 28 in Obstetrics and Gynecology. Volume I.
Curtis, A. H., editor. Philadelphia: Saunders, 1933.
55. Patten, B. M. , and Toulmin, K. Certain measurements of the
fetal hearc and their significance. Proceedings Anatomic
Record 45:235, 1930. Abstract.
" """
56. Patten, B. M. Human Embryology. -New York: McGraw-Hill, 1953,
57. Patten, B. M. personal communication.
58. Prec, K. J., and Cassels, D. E. Dye dilution curves and
cardiac output in newborn infants. Circulation 11:789-798,
1955.
59. Public Health Service. U. S. Dept. of Health, Education, and
Welfare. Vital Statistics of the United States. Vol. II,
Mortality, Part A. 1962.
60. Reynolds, S. R. M. , Ardan, G. M. , and Prichard, M. M. L.
Observations on regional circulation times in the lamb under
fetal and neonatal conditions. Contributions to Embryology,
No. 234. Volume 35, Nos. 231-141. The Carnegie Institute
of Washington, 1954.
61. Rokitansky, K. A manual of Pathological Anatomy. Volume IV.
The organs of respiration and circulation. Day, G. E. , trans
lator. London: Sydenham Society^ 1352.
62. Sabatier, R. B. Traite Complet d 'Anatomie. Volume II. Barrois:
Paris, 1791.
63. Schlesinger, M. J. New radiopaque mass for vascular injections.
Laboratory Inves tigat_i(Dn 6:1, 1957.
64. Shaner, R. E. The persisting right sixth aortic arch of mammals
with a note on fetal coarctation. Anatomical Record 125: 171-
184, 1956.
Moss, A.
Response
arterial
infants .

61
65. Short, E. M. Unpublished data.
66. Skoda, J. Demonstration eines Falles von Obliteration der
Aorta. W_oche_nblat_t der Zeitschr if t der K. K. Gesellschif t
der Aertz e _zum
"
Wjen 185"5:" 7 20-7257
67. Sproul, A., and Simpson, E. Stroke volume and related hemo
dynamic data in normal children. Pediatrics 33:912-918,
1964.
68. Stahel, H. Lber Arterienspindeln und uber die Bezeihung der
Wanddicke der ArLeri.en zum Blutdruck. Archiv fur Anatomie
ciBci Entwieklungsgeschichte 1886: 45-61.
69. Theremin, E. Etudes sur les Affections Congenitales du Coeur .
Paris: Asselin & Houzeau, 1895.
70. Wh ittenore , R. Natural history of coarctation of the aorta
in infants and children over a 15 year period. Presented to
the American Heart Assoc, Cleveland, Ohio. 1962.
71. Whit t emore, R. Unpublished data.
72. Woodbury, R. A.,Robinow, M. , and Hamilton, W. F. Blood
pressure studies on infants. American Journal of Physiology
122:473-479, 1938.
"" "
73. Zeigler, R. F. Cardiac Evaluation in Normal Infants. St. Louis:
Mosby, 1965.







YALE MEDICAL LIBRARY
Manuscript Theses
Unpublished theses submitted for the Master's and Doctor's degrees and
deposited in the Yale Medical Library are to be used only with due regard to the
rights of the authors. Bibliographical references may be noted, but passages
must not be copied without permission of the authors, and without proper credit
being given in subsequent written or published work.
This thesis by has been
used by the following persons, whose signatures attest their acceptance of the
above restrictions.
NAME AND ADDRESS DATE

